Objective-We have previously shown that the tumor necrosis factor receptor 2 (TNFR2) protein is highly upregulated in vascular endothelium in response to ischemia, and a global deletion of TNFR2 in mice blunts ischemia-induced arteriogenesis and angiogenesis. However, the role of endothelial TNFR2 is not defined. In this study, we used endothelial cell (EC)-specific transgenesis of TNFR2 (TNFR2-TG) in mice to determine the in vivo function of TNFR2 in arteriogenesis and angiogenesis. Methods and Results-In a femoral artery ligation model, TNFR2-TG mice had enhanced limb perfusion recovery and ischemic reserve capacity. TNFR2-TG mice also exhibited significantly enhanced arteriogenesis in the upper limb, whereas capillary formation and maturation in the lower limb were associated with reduction in cellular apoptosis and increased proliferation. Consistently, ischemia-induced TNFR2-dependent bone marrow tyrosine kinase in chromosome X-vascular endothelial growth factor receptor 2 proangiogenic signaling was augmented in TNFR2-TG mice. To further determine whether EC-expressed TNFR2 is sufficient to mediate ischemia-induced angiogenesis, we crossed TNFR2-TG with TNFR2-deficient mice to generate TNFR2-knockout (KO)/TG mice, in which only vascular ECs express TNFR2. The EC-expressed TNFR2 partially rescued the defects of TNFR2-KO in ischemia-induced angiogenic signaling and flow recovery. Conclusion-These in vivo data support a critical role for endothelial TNFR2 in ischemia-mediated adaptive angiogenesis.
P
eripheral arterial disease is a common disease found in 10% to 25% of patients over the age of 55 years, and its occurrence and severity are strongly correlated with other cardiovascular risk factors that lead to coronary artery disease and stroke, such as hyperlipidemia, smoking, and endothelial dysfunction. [1] [2] [3] An animal model has been created by ischemic injury of mouse hindlimb, and studies using this mouse model reveal that a reduction in gastrocnemius blood pressure ratios and blood flow correlate with a marked decrease in the number of capillaries surrounding each muscle fiber (capillary/ fiber ratio), indicative of the inability to mount an adaptive angiogenic response. 4, 5 The availability of genetically deficient or transgenic mice permits the testing of genes required for postnatal hindlimb angiogenesis and remodeling. Thus, the ischemia hindlimb model is a very useful tool for studying the function of genes critical for inflammatory arteriogenesis and angiogenesis. 4, 5 Using this model, we have recently demonstrated that several signaling molecules (tumor necrosis factor receptor 1 [TNFR1], TNFR2, and AIP1) involved in tumor necrosis factor-␣ (TNF)-TNFR pathways are also involved in ischemia-mediated adaptive angiogenesis. 6 -8 The prototype inflammatory cytokine, TNF, primarily uses TNFR1 to mediate inflammatory and pathological responses, and the role of TNFR2 signaling is not well understood. TNFR1 is ubiquitously expressed, whereas TNFR2 expression is tightly regulated and found predominantly on endothelial cells (ECs), cardiac myocytes, and hematopoietic cells. 9, 10 Similar to TNFR1, TNFR2 contains an extracellular domain with characteristic cysteine-rich motifs. However, TNFR2 has a unique cytoplasmic domain with different primary amino acid sequences compared with TNFR1. It is believed that the 2 receptors initiate distinct signal transduction pathways by interacting with different signaling proteins. 9, 10 Although TNFR1-mediated signaling has been extensively studied, much less is known about TNFR2 signaling. 10 We have identified bone marrow tyrosine kinase in chromosome X (Bmx) (also named Etk-endothelial/epithelial tyrosine kinase) as a TNFR2-responsive tyrosine kinase in EC. 11 Furthermore, we have shown that TNFR2-Bmx could associate with and transactivate vascular endothelial growth factor receptor 2 (VEGFR2), a potent angiogenic receptor tyrosine kinase in ECs. This association was critical for EC proliferation, migration, and tube formation. 12 Consistent with aforementioned in vitro observations, we and others have shown that TNFR2-knockout (KO) mice exhibit reduced ischemia-initiated angiogenesis and arteriogenesis compared with wild-type (WT) mice in a femoral artery ligation model. 7, 13 Similar observations were obtained for Bmx-KO mice. 6 Interestingly, the TNFR2 protein and its downstream effector, Bmx, are both highly induced in vascular ECs but not in other cell types, such as myocytes, in ischemic tissue. 6, 7 These data indicate that vascular TNFR2 may play an important role in ischemia-induced adaptive repair.
However, the role of endothelial TNFR2 in arteriogenesis and angiogenesis has not been directly addressed. To this end, we have created EC-specific transgenic mice expressing human TNFR2 (TNFR2-TG). We show that TNFR2-TG mice have enhanced ischemia-mediated arteriogenesis and angiogenesis in a femoral artery ligation model. Moreover, ECspecific expression of TNFR2 in TNFR2-deficient mice is sufficient to augment ischemia-induced Bmx-VEGFR2 signaling and functional flow recovery. Our data support a critical role of endothelial TNFR2 in ischemia-mediated adaptive angiogenesis.
Methods
Detailed materials and methods are provided in the supplement, available online at http://atvb.ahajournals.org. All the methods have been previously published, including generation of the EC-specific transgenic mice, 14, 15 mouse hindlimb ischemic model, postcontraction hyperemia, 6,7 histology and immunohistochemistry, gene expression in ischemic muscle and image analysis, immunoblotting for Bmx-VEGFR2 signaling, bone marrow transplant (BMT), 6 -8 and aortic-ring assay. 14 
Results

EC-Specific Expression of TNFR2
Previously, we have shown that TNFR2 protein is highly upregulated in vascular endothelium in response to ischemia. 7 Therefore, we reasoned that a transgene of TNFR2 in ECs would increase ischemia-mediated vascular repair. To test this hypothesis, we generated EC-specific transgenic mice by expressing the human TNFR2 with Myc-tag at the C terminus driven by an EC-specific vascular endothelial (VE)-cadherin promoter 14 -16 (TNFR2-TG, Figure 1a ). Twelve founders were obtained as determined by polymerase chain reaction genotyping (not shown) and Western blot of the tail tissues with anti-TNFR2 antibody (Figure 1b) . We chose 2 lines (no. 1 and no. 2 male) to backcross with C57BL/6 mice for more than 6 generations. All experiments were performed with hemizygous TNFR2-TG mice and their non-TG littermates (WT) as controls. The TNFR2 transgene was highly expressed in the aorta and bone marrow as determined by Western blot with anti-Myc and anti-TNFR2 (Figure 1c) . A relatively low level of the TNFR2 transgene was found in the heart despite the fact that cardiac myocytes express a high basal level of endogenous TNFR2 (Figure 1c ). This is consistent with the report that the VE-cadherin promoter is less active in adult cardiac vessels than in developing or newly formed vasculature. 17 Total TNFR2 protein (both endogenous and the transgene) in muscle tissue was absent from TNFR2-KO mice, but it was 3-fold higher in TNFR2-TG mice than in WT littermates, as determined by Western blotting with anti-TNFR2 antibody (Figure 1d) . Furthermore, the TNFR2 transgene was detected in vascular endothelium of both large and small vessels, as determined by immunohistochemistry with anti-Myc antibody (Figure 1e ). The TNFR2 transgene in ECs had no effects on the basal capillary densities in a variety of tissues examined (Supplemental Figure  I , hindlimb and heart). There were no apparent morphological abnormalities in TNFR2-TG mice. Male and female mice appeared equally fertile, and there were no significant differences in growth rate or body weight compared with WT littermates (25.2Ϯ4 g for TNFR2-TG versus 24.8Ϯ4.0 g for nontransgenic littermates, nϭ20).
TNFR2-TG Augments Perfusion Recovery With Enhanced Arteriogenesis and Angiogenesis in Ischemic Hindlimbs
To determine whether the EC-specific transgene of TNFR2 could augment ischemia-mediated angiogenesis, WT and TNFR2-TG mice were subjected to femoral artery ligation and various analyses at different time points as described previously. 6, 7 Blood flow in ischemic and nonischemic limb perfusion were measured presurgery and postsurgery as indicated (30 minutes, 3 days, 2 weeks, and 4 weeks). Before surgery, the ratio of left leg to right leg gastrocnemius blood flow was 1. Postsurgery, blood flow dropped by 80%, and it returned to a ratio of 1 over 4 weeks in WT mice. TNFR2-TG mice showed augmented recovery of hindlimb perfusion and flow compared with WT at 2 to 4 weeks ( Figure 2a ).
To further define the functional defects in mice, we examined hyperemia stimulated by skeletal muscle contraction in the gastrocnemius muscle in WT and TNFR2-TG mice. As seen in the representative traces in Figure 2b WT and TNFR2-TG mice before ligation. Next, we measured the same physiological response after limb ischemia in WT and TNFR2-TG mice at 2 weeks postischemia. Electric stimulation of the adductor muscle of WT mice 2 weeks surgery showed only 65% of the peak response measured in the gastrocnemius muscle group compared with preischemia. However, TNFR2-TG mice had a nearly complete recovery in peak blood flow (Figure 2b, preischemia; Figure 2c , postischemia, 95Ϯ5%). These data show that TNFR2-TG mice have augmented perfusion recovery in ischemic hindlimbs.
As demonstrated previously, 6 -8 enhanced clinical recovery and limb perfusion could be due to increased arteriogenesis from existing vessels of the upper limb or increased neovascularization/vessel maturation in the lower limb. Consistently, ischemia-induced arteriogenesis in TNFR2-TG mice was significantly increased, as measured by Microfil casting analysis 6 -8 (Supplemental Figure II) . Similarly, angiogenesis and vessel maturation in TNFR2-TG mice were increased in gastrocnemius muscles, as measured by immunostaining with anti-CD31 and anti-smooth muscle ␣-actin (anti-SMA). Four weeks postischemia, CD31-positive capillaries surrounding the skeletal muscle fibers in WT mice were significantly increased ( Figure 2d , with quantification of capillary number/ mm 2 and ratio of CD31/myocyte in Figure 2f ). Consistent with increased functionally perfused vessels in TNFR2-TG mice, ischemia-induced vessel maturation (SMA-positive vessels, arrowheads) was also increased in TNFR2-TG (Figure 2e , with quantification of SMA-positive cells in Figure 2f ).
Ischemia-Induced Cellular Survival and Proliferation and TNFR2-Bmx-VEGFR2 Angiogenic Signaling Are Enhanced in TNFR2-TG Mice
TNFR2 mediates cellular survival and proliferation responses in vitro and in vivo. 7, 18 To determine the effects of TNFR2-TG on ischemia-induced cellular proliferative/apoptotic responses, we measured tissue apoptosis by TUNEL assay and cellular proliferation by proliferating cell nuclear antigen (PCNA) staining. Kinetics studies suggested that apoptosis peaked at day 3 postsurgery, and ischemia-induced apoptosis is an early event in the adaptive response. Results showed that ischemia-induced tissue apoptosis was dramatically decreased in TNFR2-TG mice (Figure 3a , with quantification in Figure 3c ). Cellular proliferation started at day 7 and continued until week 4 in the ischemia hindlimb models. 7 The TNFR2 transgene increased basal PCNA-positive staining in capillaries (Figure 3b , arrows), consistent with TNFR2-dependent induction of cellular proliferation in ECs. 7, 18 Both capillaries and myocytes showed PCNA-positive staining on ischemia (Figure 3b , arrow and arrowhead, respectively), consistent with the increased total numbers of capillaries and muscle fibers at 4 weeks postischemia (Figure 2f ). Myocytes in ischemic tissue showed central nuclei location (Figure 3b,  arrowhead) , likely an indicative of regenerative response. No significant differences between WT and TNFR2-TG mice in percentage of PCNA-positive myocytes were found. However, the number of PCNA-positive ECs was significantly increased in TNFR2-TG mice compared with WT mice (Figure 3b , with quantification in Figure 3c) .
We have previously shown that ischemia induces activation of TNFR2-dependent gene expression and signaling complex (TNFR2-Bmx-VEGFR2), which are defective in TNFR2-KO mice. 7 To determine whether the TNFR2-Bmx-VEGFR2 pathway is upregulated in TNFR2-TG mice, we examined gene expression and activation of TNFR2-dependent signaling molecules. Gene expression of angiogenic factors and their cognate receptors was determined by quantitative RT-PCR. The gene expression in both nonischemia and ischemic muscles was analyzed, and relative abundance (fold of induction) of each gene is shown by taking nonischemic WT as 1.0. Ischemia rapidly induces the expression of inflammatory molecules (TNF and vascular cell adhesion molecule-1 [VCAM-1]) and angiogenic molecules (Ang-2 and vascular endothelial growth factor [VEGF]; VEGFR2, TNFR2, and Bmx) on day 3 postischemia. 6 -8 These molecules are known to play important roles in inflammatory angiogenesis. 4, 19 Gene expression of VEGFR2 and Bmx was significantly augmented in TNFR2-TG mice (Figure 3d ). Interestingly, inflammatory molecules (TNF and VCAM-1) were reduced, whereas TNFR1 and TRAF2 were not significantly altered in TNFR2-TG mice (Figure 3d ). Consistently, a reduced infiltration of leukocytes to ischemic hindlimb was observed, as determined by immunostaining with the anti-CD45 antibody (Supplemental Figure III) . Activation of TNFR2-dependent signaling pathways was also determined by Western blot with phospho-specific antibodies. Ischemia induced activation of Bmx-VEGFR2 to a greater extent in TNFR2-TG mice compared with WT mice (Figure 3e ). The TNFR2-TG mice also showed a greater induction of the total Bmx protein. Notably, phosphorylation of c-Jun N-terminal kinase (JNK), a TNFR1-dependent apoptotic signaling kinase, 11 and the JNK-responsive gene VEGF 20 were slightly decreased in TNFR2-TG mice (Figure 3e ).
The TNFR2 Transgene in ECs Is Sufficient to Mediate Ischemia-Induced Responses
To further determine whether the TNFR2 transgene in ECs is sufficient to mediate ischemia-induced angiogenesis, we crossed TNFR2-TG with TNFR2-deficient mice to generate TNFR2-KO/TG mice (KO/TG). In these mice, only the TNFR2 transgene is expressed in ECs, as determined by genotyping and immunostaining with anti-TNFR2 (Supplemental Figure IV ). Similar to TNFR2-TG, TNFR2-KO/TG had no apparent morphological abnormalities compared with WT and TNFR2-KO mice. Male and female mice appeared equally fertile, and there were no significant differences in growth rate or body weight compared with WT littermates (24.5Ϯ3 g for TNFR2-KO versus 24.2Ϯ3.0 g for TNFR2-KO/TG, nϭ15). However, we did observe that the TNFR2 transgene increased basal endothelium-dependent vascular reactivity as determined by aortic ring assay in response to the vasoconstrictor phenylepherine (PE) and the vasodilator acetylcholine. 14 Aortas from TNFR2-KO mice displayed enhanced constriction in response to PE compared with WT. However, reexpression of TNFR2-TG to KO mice completely restored the normal PE response ( Supplemental Figure Va). To determine whether the TNFR2 transgene restores the basal release of endothelial nitric oxide synthase-derived nitric oxide (NO), aortic rings from WT, TNFR2-KO, and TNFR2-KO/TG mice were preconstricted with a submaximal dose of PE, and the NO synthase inhibitor N G -nitro-Larginine methyl ester (100 mol/L) was added at the peak of the constriction to remove endogenous NO tone. N G -Nitro-Larginine methyl ester caused a further constriction in all vessels, resulting in an increase in isometric tension reflecting the removal of basal NO. The ratio of EC 50 by PE in the presence versus absence of N G -nitro-L-arginine methyl ester indicates a basal NO activity. 14 The ratio for TNFR2-KO vessels was half that of WT vessels, suggesting a reduction in a basal NO release. However, the TNFR2 transgene restored the basal NO activity ( Figure Vb) . The TNFR2 transgene in TNFR2-KO mice also restored endothelium-dependent vasodilation in response to acetylcholine ( Figure Vc) . These effects of TNFR2-transgene on vasomotion occurred selectively in the endothelium because the vasoconstrictive responses to KCl and relaxation in response to the NO donor drug sodium nitroprusside (SNP) were similar to those of TNFR2-KO (Supplemental Figure V) . The exact mechanism by which TNFR2 regulates NO is unclear. The TNFR2-dependent NO activity and endothelium function could be attributed to the increased VEGFR2 activity in TNFR2-TG mice (see below), an upstream activator of endothelial nitric oxide synthase-NO.
We next examined whether the TNFR2 transgene in ECs could restore the defects in ischemic responses observed in TNFR2-KO. Consistent with previous findings, 7 TNFR2 deletion caused severe impairment in ischemia-induced gene expression of VEGFR2 and Bmx, as well as TNFR2-dependent Bmx-VEGFR2 signaling. Indeed, the basal level of TNFR2 in TNFR2-TG driven by the VE-cadherin promoter is similar to that induced by ischemia in WT muscle, and the TNFR2 transgene could restore ischemia-induced gene expression of VEGFR2 and Bmx, as determined by RT-PCR (Figure 4a) , and activation of Bmx-VEGFR2 signaling in hindlimb, as determined by Western blot with phospho-specific antibodies (Figure 4b ). The increased Bmx-VEGFR2 signaling in TNFR2-KO/TG correlated with reduced infiltration (by CD45 staining) and increased proliferation (by PCNA staining) compared with TNFR2-KO mice (Figure 4c through 4e) .
The TNFR2 Transgene in Both Intrinsic Vasculature and Bone Marrow Contributes to Ischemia-Induced Angiogenesis and Flow Recovery
Finally, we examined whether the TNFR2 transgene in ECs could restore angiogenesis and functional flow recovery. WT, TNFR2-KO, and KO/TG mice were subjected to femoral artery ligation followed by morphological and functional blood flow analyses as described for WT and TNFR2-TG mice. Results show that EC-expressed TNFR2 rescued the defects in ischemia-induced neovascularization and flow recovery observed in TNFR2-KO (Figure 5a through 5c ). This increased angiogenesis observed in vivo seems to be EC autonomous because isolated mouse ECs from TNFR2-KO/TG also showed increased migration in response to TNF in vitro compared with TNFR2-KO ECs (Supplemental Figure VI) , likely attributable to TNF-induced TNFR2-Bmx-VEGFR2 activation. 7, 12 In contrast, TNFR1-dependent JNK signaling was reduced by the TNFR2 transgene, as observed in vivo (Supplemental Figure VI) .
The TNFR2 transgene is expressed at a very high level in bone marrow (see Figure 1) . Moreover, we have previously shown that Bmx in bone marrow-derived cells contributes to ischemia-induced arteriogenesis/angiogenesis. 6 This led us to determine the role of the TNFR2 transgene in bone marrow in ischemia-induced responses. To this end, we performed BMT experiments using TNFR2-KO as recipients. First, TNFR2-KO mice received lethal irradiation followed by transplantation of bone marrow cells from TNFR2-KO or TNFR2-KO/TG to TNFR2-KO mice (KO BMT and KO/TG BMT). Six weeks after BMT, the mice were then subjected to femoral artery ligation. Success of BMT was verified by genotyping of blood samples with TNFR2-KO or TNFR2-TG-specific primers (not shown) and by Western blot of bone marrow samples with anti-TNFR2 antibody (Figure 5d ). KO and KO/TG mice without BMT were used as controls. Both control KO mice and KO BMT mice showed a similar impairment of blood flow recovery, and no significant differences were observed between the 2 groups. Blood flow recovery was dramatically increased in the KO/TG BMT group compared with KO on days 14 and 28 (Figure 5e ). Consistently, KO/TG BMT mice had enhanced ischemiamediated arteriogenesis and angiogenesis (not shown). However, blood flow recovery on day 28 in the KO/TG BMT groups was less compared with control KO/TG (Figure 5e ). These data suggest that TNFR2-expressing cells in both intrinsic vasculature and bone marrow contribute to ischemia-mediated vascular repair and functional flow recovery.
Discussion
The rationale for generating TNFR2-TG is that TNFR2 is highly induced in vascular ECs in response to ischemia. 7 The important finding of this study is that the EC-specific TNFR2 plays a critical role in ischemia-mediated arteriogenesis and angiogenesis. Specifically, EC-specific TNFR2 transgene enhances limb perfusion and ischemic reserve capacity compared with the nontransgenic WT mice. Immunohistochemical analyses indicate that TNFR2-TG mice had increased ischemia-initiated EC proliferation, neovascularization, and vessel maturation. These functional changes in TNFR2-TG mice correlate with augmented Bmx-VEGFR2 proangiogenic activities, which have been previously shown to be TNFR2-dependent in vascular ECs. 12 Moreover, the EC-expressed TNFR2 rescues the defects of TNFR2-KO in ischemiainduced angiogenic signaling and flow recovery. Moreover, BMT suggests that TNFR2-expressing cells in both intrinsic vasculature and bone marrow contribute to ischemiamediated angiogenesis and flow recovery. Our data support a critical role of endothelial TNFR2 in ischemia-mediated adaptive angiogenesis.
The EC-expressed TNFR2 transgene did not significantly induce inflammation and basal capillary density in a variety of tissues that we examined. There were no apparent morphological abnormalities in TNFR2-TG or TNFR2-KO/TG mice. This is in contrast to TNF-transgene mice. 21 Previous data have shown that transgenic mice expressing low levels of soluble TNF cause chronic inflammation and arthritis. This is likely due to systemic activation of TNFR1-dependent signaling. 21 EC-specific transgenic mice expressing a membrane-bound form of TNF also induced constitutive EC activation and inflammatory angiogenesis. 22 It is not known whether these responses are TNFR1 or TNFR2-dependent, despite the proposal of the membrane-bound form of TNF as a ligand for endogenous TNFR2 in vivo. Interestingly, ischemia-induced inflammatory responses (expression of TNF, TNF-induced JNK mitogen-activated protein kinase signaling, and its responsive genes VCAM-1 and VEGF, as well as infiltration of immune cells) are actually reduced in the TNFR2-TG mice. Because TNF-induced inflammatory events are primarily mediated by TNFR1, the current study suggests that TNFR1 signaling in ECs may be suppressed by the TNFR2 transgene. The mechanism by which TNFR2 suppresses TNFR1-dependent signaling in vascular ECs needs to be further defined. In contrast to the TNFR1-dependent inflammatory signaling, TNFR2-dependent Bmx-VEGFR2 proangiogenic signaling pathways are upregulated. This is consistent with our previous findings that TNFR2 in ECs uses Bmx to transactivate VEGFR2, a pathway critical for in vitro EC angiogenesis. 7 Moreover, we have demonstrated that TNFR2 contains a Bmx-binding domain at the C-terminal 59 amino acid residues, and a mutant with a deletion of those 59 amino acid residues (TNFR2-59) failed WT, TNFR2-KO (KO), and TNFR2-KO/ TNFR2-TG (KO/TG) mice (nϭ3 in each group) were subjected to ischemia ligation. Four weeks after femoral ligation, gastrocnemius muscles were harvested. Capillaries were immunostained with CD31 (a). Scale bar: 100 m. Quantification of capillaries (number/mm 2 muscle area) and ratio of CD31/muscle fiber are shown (b). Data from 3 sections of each mouse muscle tissue are shown in graphics. nϭ4 for each strain (total, 12 sections). *PϽ0.05. c, Blood flow of ischemic and nonischemic limbs was measured on gastrocnemius muscle at indicated times. The ratio of perfusion unit from nonischemic (left) to ischemic (right) limbs is shown. The number for each strain is shown in parentheses. Data are meanϮSEM. *PϽ0.05. d and e, BMT experiment. TNFR2-KO mice were subjected to lethal irradiation followed by receiving bone marrow cells from KO (KO BMT) or TNFR2-KO/TG mice (KO/TG BMT). Successful BMT was verified by genotyping of TNFR2 transgene 6 weeks after BMT. The mice were then subjected to femoral artery ligation. Four weeks postischemia, bone marrow was harvested, and expression of TNFR2 was determined by Western blot with anti-TNFR2. Bone marrow cells from KO and KO/TG mice without BMT/ligation were used as controls (d). Blood flow of ischemic and nonischemic limbs was measured on gastrocnemius muscle at the indicated times postsurgery. The ratio of perfusion unit from nonischemic (left) to ischemic limbs is shown (e). The number for each strain is shown in parentheses. Data are meanϮSEM. *PϽ0.05.
to activate VEGFR2 and EC angiogenesis; it induces apoptosis in cultured ECs. 7 We consistently failed to obtain an EC-specific transgenic mouse line expressing TNFR2-59. It is conceivable that the TNFR2-59 transgene in ECs leads to embryonic lethality by inducing vascular EC apoptosis.
Our data clearly demonstrate that the TNFR2 transgene in bone marrow-derived cells plays a role in ischemia-induced vascular remodeling. This is supported by the results that bone marrow-derived cells expressing the TNFR2 transgene implanted to TNFR2-KO mice augmented ischemia-induced blood flow recovery. However, blood flow recovery on day 28 in KO/TG BMT groups was less compared with control KO/TG. These data suggest that TNFR2-expressing cells in both intrinsic vasculature and bone marrow contribute to ischemia-mediated vascular repair and functional flow recovery. These results are similar to our previous findings that Bmx in bone marrow-derived cells is critical for the early phase of ischemia-induced tissue repair, whereas Bmx in intrinsic vasculature may contribute to the later phase of arteriogenesis/angiogenesis. 6 Given that the TNFR2 transgene is expressed in both bone marrow and muscle tissues, it is conceivable that the TNFR2-Bmx-VEGFR2-dependent signaling may enhance EC survival and mobilization in bone marrow and promote EC migration and tube formation in local muscle tissue, contributing to ischemia-induced arteriogenesis and angiogenesis.
ECs are a primary target of TNF, and TNF elicits a broad spectrum of biological effects, including proliferation, differentiation, and apoptosis. It has been shown that anti-TNF therapy targeting both TNFR1 and TNFR2 has been successful in treating inflammatory rheumatoid arthritis but has failed in the treatment of cardiovascular diseases, although the TNF protein is increased in heart disease. 23 Our previous and current studies strongly suggest that TNFR2 signaling plays beneficial roles in the cardiovascular system, including ischemia-initiated arteriogenesis (growth of existing collaterals) and angiogenesis (formation of new blood vessels). Therefore, specific expression and activation of TNFR2 in ECs may provide a novel strategy for the treatment of vascular diseases, such as coronary artery disease and peripheral arterial disease.
